Abstract Plant genetic resources often constitute the foundation of successful breeding programs. Pepper (Capsicum annuum L.) is one of the most economically important and diversely utilized Solanaceous crop species worldwide, but less studied compared to tomato and potato. We developed and used molecular markers based on two copia-type retrotransposons, Tnt1 and T135, in a set of Capsicum species and wild relatives from diverse geographical origins. Results showed that Tnt1 and T135 insertion polymorphisms are very useful for studying genetic diversity and relationships within and among pepper species. Clusters of accessions correspond to cultivar types based on fruit shape, pungency, geographic origin and pedigree. Genetic diversity values, normally reflective of past transposition activity and population dynamics, showed positive correlation with the average number of insertions per accession. Similar evolutionary relationships are observed to that inferred by previous karyosystematics studies. These observations support the possibility that retrotransposons have contributed to genome inflation during Capsicum evolution.
Introduction
Pepper (Capsicum annuum L.) is one of the most economically important and diversely utilized vegetable crop species worldwide. Capsicum is a genus of about 25 species in the Solanaceae family and consists of annual and perennial herbs or shrubs native from South and Central America, including the Galapagos Islands (Walsh and Hoot 2001) . C. annuum is grown worldwide and four additional species are commonly cultivated in south-central America, the Caribbean and Africa, namely C. baccatum, C. pubescens, C. frutescens and C. chinense (Pickersgill 1997) . Though dominating as a hot spice, pepper has a variety of usages, either consumed fresh or is cooked/preserved and dried, used as food dyes, bred as ornamental plants and also provide the important ingredient (capsaisin) for the drug/ chemical industry (Djian-Caporalino et al. 2006) . To date, different kinds of molecular markers such as isozymes, RFLP, RAPD, AFLP and SSRs, have all been successfully used to complement traditional morphological studies of Capsicum (Kwon et al. 2005; Lefebvre 2005) .
Agriculture productivity and sustainability are highly dependent on secured access to genetic resources, as they often constitute the foundation of successful breeding programs. Breeding strategies make use of plant accessions of crops, wild relatives (landraces) or mutants maintained at genetic or germplasm centers with aims to increase crop production and quality, ascertain sources for transfer of beneficial traits such as disease resistance, abiotic stress tolerance and other useful biological traits. Molecular marker techniques now routinely provide highly reliable information in practical and efficient manners for use in the analysis of genetic diversity; generating invaluable data for plant breeding, crop improvement and germplasm management and conservation (Hammer et al. 2003 ) such as in cultivar protection, establishment of core collections, choice of parental lines for crossings, marker-assisted selection, variety identification (protection) and hybrid purity in the seed industry. Therefore, developing novel and improving current technical approaches applicable in the characterization and management of biodiversity are always required and ongoing.
Transposable elements are known to play important roles in genome evolution-affecting changes in physical genome size, generating chromosomal rearrangements and natural genetic diversity, altering the expression and function of genes and even serving molecular functions such as telomeres, neo-centromeres and promoters (Bennetzen 2002; Biemont and Vieira 2006; Kashkush et al. 2003; Vershinin et al. 2003) . In higher plants, LTR (long terminal repeat)-retrotransposons are abundant, amplifying to such high levels as to compose over 60% and over 80% of the maize and wheat genomes, respectively (Bennetzen 2002 (Bennetzen , 2005 . The predominance of LTR retrotransposons is because they do not excise as part of transposition, and thus generate stable polymorphic insertions that may be consequently exploited as molecular markers (Leigh et al. 2003) . SSAP (sequence-specific amplification polymorphism) (Waugh et al. 1997 ) is the first described and perhaps the most utilized among several recently developed retrotransposon-based molecular marker techniques, which also include copia-SSR, IRAP, REMAP and RBIP (Kalendar and Schulmann 2006) . SSAP is a special marker system in its dual-functionality-useful as a tool to assess genetic diversity and, rather uniquely, SSAP data also permit comparative studies on the distribution of retrotransposon insertions, and it is this ability to track genomic changes caused by transposition activity that offers remarkable insights into actual evolutionary processes that generate genomic diversity. In addition, SSAP has been reported to be very useful in studies of genetic diversity, genetic relationships and linkage mapping for certain crop species (Ellis et al. 1998; Gribbon et al. 1999; Leigh et al. 2003; Pearce et al. 2000; Porceddu et al. 2002; Vershinin et al. 2003; Yu and Wise 2000 ; for review, see Tam et al. 2007a) .
Solanaceae is a family with many crop species and is relatively well studied for retrotransposons, from the detection of the first active LTR retrotransposon Tnt1A of tobacco (Grandbastien et al. 1989 ) to subsequent studies in tomato (Costa et al. 1999; Rogers and Pauls 2000) , potato (Manetti et al. 2007 ) and aubergine (C. Mhiri, personal communication) . We had previously found SSAP to be highly useful for studying genomic changes in allotetraploid tobacco (Melayah et al. 2004; Petit et al. 2007 ), genetic diversity within small collections of tomato and pepper from a private company (Tam et al. 2005 ) and genetic relationships and linkage mapping in Solanum subspecies Lycopersicon, revealing interesting insights on the distribution and interaction of these ubiquitous elements with their hosts (Tam et al. 2007b) . In this study, we are interested in adapting the utility of the SSAP technique to study a representative set of Capsicum accessions maintained at the INRA-Montfavet (France) germplasm center. This particular germplasm collection includes mainly traditional open-pollinated cultivars from all over the world, belonging to the five cultivated species of Capsicum, and their wild relatives (Sage-Palloix et al. 2007) . Results of this study demonstrate that SSAP is a highly polymorphic, useful multi-locus molecular marker tool for the genus Capsicum. Analysis of the distributions of retrotransposon-based markers also contributes to the better understanding of evolutionary relationships and genome evolution of Capsicum spp.
Materials and methods

Plant material
A set of 86 accessions (Table 1 ) from the germplasm collection at INRA Montfavet (France) was used in this study. It comprised of seven species of Capsicum with a majority of the accessions belonging to the cultivated species C. annuum and wild relatives (C. annuum var glabriusculum). Cultivated inbred lines of C. frutescens, C. chinense, C. pubescens, C. baccatum and two wild species represented by one accession each, respectively (C. chacoense and C. eximium) were also included in the study. The C. annuum accessions were chosen to represent the widest diversity in geographic origins, and fruit shapes were coded according to IPGRI, AVRDC and CATIE (1995) . Plants were all grown under similar conditions in the greenhouse and five individuals per accession were collected for DNA extraction. Plant DNA was extracted from dried leaf material following the protocol of the Qiagen DNeasy Ò 96 Plant Kit (Qiagen SA, Courtaboeuf, France). Isolated total DNAs from the five individuals were pooled per accession for further treatment.
Sequence-specific amplified polymorphism (SSAP) Three retrotransposon primer sets were generated from two LTR-retrotransposon families, namely Tnt1 and T135, using the primer combinations Tnt1-C00 (Csp6), Tnt1-E00 and T135-E00 (EcoRI) described in Tam et al. (2005) . The SSAP assays were carried out following the protocol previously described (Tam et al. 2005 ).
Data analysis
All SSAP bands were visually scored as present (1) or absent (0) across the seven species of Capsicum (86 accessions) and among accessions within each species. Individual binary matrices were built for each primer combination. For SSAP analyses, detected bands of distinct sizes are treated as independent insertions and scored as a character-type. Genetic relationships between accessions within and among Capsicum species were inferred using genetic distance. Mantel's test (Liedloff 1999 ) was used to assess the strength of correlation between two observed distance matrices, and the statistic tested for significance against 1,000 random permutations. A combined binary dataset from the merger of the three individual primer datasets was analyzed using PAUP* 4.10 (Swofford 2002) . Pairwise distances were computed using the mean character difference option which only takes into consideration mismatches and the Neighbor-Joining (Saitou and Nei 1987) algorithm clustered pairwise distances using the minimum evolution option. Clade support was estimated by 1,000
Neighbor-Joining bootstrap replications. The SSAP-NJ tree was first rooted at midpoint of the longest path connecting two taxa in the network (''midpoint rooting''; Kitching et al. 1998 ) and second, rooted with C. eximium based on results of a previous phylogenetic study using atpB-rbcL and waxy genes (Walsh and Hoot 2001) . We also applied the Neighbor Net network on the distance data using the program SplitsTree 4.0 (Huson and Bryant 2006) . This distance-based method displays character conflict (data incompatibilities) that may be used to explore complex within (and inter-) species evolutionary processes that will not be well represented by a strictly dichotomous phylogenetic tree (Morrison 2005) .
Bayesian clustering analyses were also performed using the program STRUCTURE version 2.2, which permitted the use of dominant markers (Falush et al. 2007; Pritchard et al. 2000) . The program uses multilocus genotypes to infer population structure, identify distinct genetic populations, assign individuals to populations and identify admixed individuals assuming K number of populations (Falush et al. 2007) . K was allowed to range from one to ten for the interspecific dataset (all accessions), and 1-22 for the dataset comprising of C. annuum accessions only, based on the maximum number of geographic origin of the accessions. Two or more replicate runs were made for each K value using the correlated allele frequency model (prior mean = 0.01; prior SD = 0.05 and Lambda = 1.0), with a burn-in period of 10,000 iterations followed by a run length of 100,000 iterations. Retrotransposons insertion frequencies for individual and combined datasets for each species were estimated as percentage polymorphism and gene diversity (H e ), where H e is the total genetic diversity computed over all loci (Nei 1973 ) using POPGENE vs 1.31 (Yeh and Boyle 1997) 
À Á ; with p n0 ? p n1 = 1 and where p n0 and p n1 represent, respectively, the frequencies of the absence and presence of alleles of the marker n, with n being comprised in the set of the i markers (Porceddu et al. 2002) . In addition, the number of species-specific insertions (present in accessions of a single species regardless of frequency) was calculated from individual retrotransposon datasets. Phylogenetic independent contrasts (PIC), which provide statistical independence when comparing across related taxa were carried out using CAIC (Purvis and Rambaut 1995) with the option of equal branch lengths to estimate relationships between percentage polymorphism and gene diversity with average number of insertions per accession for individual retrotransposon datasets. Relative numbers of retrotransposon insertions were estimated by directly counting the number of bands on the SSAP gels. The phylogeny of Capsicum was coded in CAIC based on atpB-rbcL and waxy DNA sequence evidence (Walsh and Hoot 2001) .
Results
Distribution of Tnt1 and T135 retrotransposon markers in seven Capsicum spp.
We performed SSAP with the three primer sets Tnt1-C00, Tnt1-E00 and T135-E00, on a set of 86 cultivated and wild accessions comprised of seven species of Capsicum (Table 1) . Analysis of the three SSAP primer sets scored across the seven species yielded a total of 195 bands, of which 192 (98.46%) are polymorphic among the 86 accessions (Table 2) . Species-specific insertions recorded from each retrotransposon dataset for the seven species studied (Table 2) showed Tnt1-C00 having 11 speciesspecific insertions from a total of 95 scored bands (11.58%), Tnt1-E00 showed 7 out of 50 (14%), while T135-E00 had 6 of 50 species-specific insertions (12%). Mantel's test of pairwise distances between the accessions revealed significantly high correlations (P \ 0.01) between the datasets (Tnt1-C00 and T135-E00, r = 0.9209; Tnt1-C00 and Tnt1-E00, r = 0.9074; T135-E00 and Tnt1-E00, r = 0.9044). Therefore, the three datasets were combined and used to infer interspecific relationships of Capsicum.
The combined SSAP-NJ tree is well resolved and shows well-supported groups corresponding to the different species. The SSAP-NJ tree rooted using the midpoint rooting function (Fig. 1a) shows two main groups, one consisting of C. chacoense sister to C. frutescens, C. chinense and C. annuum, and a second group consisting of C. baccatum as sister taxa to C. eximium and together, being more closely related to C. pubescens. Species groups on the tree are well defined except for the displacement of two accessions of C. frutescens (C88, C89), which clustered with C. chinense. Branch lengths between accessions of C. annuum are relatively shorter compared to the rest of the species. All Capsicum accessions used in this study are cultivated populations or cultivars and have undergone breeding selection, except for five wild accessions (see Table 1 ). Interestingly, the two wild C. annuum var glabriusculum accessions (C25, Turrialba and C52, Piquin) appear in basal positions to the cultivated C. annuum, and the wild C. baccatum var baccatum accession (C91) also occupies a basal position compared to cultivated C. baccatum var pendulum accessions. The SSAP-NJ tree rooted with C. eximium (Additional file 1) shows C. baccatum as sister to the remainder species studied. Capsicum pubescens is sister to C. chacoense, which in turn is sister to a distinct group consisting of C.annuum together with the sister taxa of C. chinense and C. frutescens.
Neighbor Net analysis of the 86 accessions (goodness of fit = 94.72) produced a network that is remarkably similar to the NJ tree whereby all accessions generally resolved according to their species (Fig. 2) . However, several character conflicts are detected, notably among C. pubescens, C. baccatum and within C. frutescens where one accession (C89) clearly resolved with C. chinense.
When the 86 accessions of Capsicum were analyzed for genetic structure, the highest likelihood value (Ln P(D) = -5,204.05, averaged over two runs) was obtained when five genetically distinct groups were identified (K = 5) ( Table 3 ). This reflects the high differentiation that exists between the species and corresponded well to the species delimitation of C. pubescens, C. baccatum, C. annuum, C. frutescens and C. chinense (Fig. 1b) . A total of 15 (17.44%) of the 86 accessions in the sample were categorized as having mixed genome. Of particular interest are C. baccatum var baccatum (C91), C. eximium (C85), C. chacoense (C78) and C. annuum var glabriusculum C25 (Turrialba), which are all wild accessions (Fig. 1b) . Interestingly, the C. frutescens accession (C89) that resolved in C. chinense on NJ and NN trees showed a genetic structure quite similar to C. chinense accessions. C01  C03  C05  C04  C06  C38   C16  C02  C08  C29  C13  C15  C24  C18  C54  C10  C20  C32  C30  C26  C28  C14  C21  C35  C37  C19  C33  C34  C55  C36  C64  C65  C68  C45  C59  C39  C48  C40  C51  C63  C31  C56  C22  C46  C69  C50  C47  C66  C53  C27  C61  C62  C17  C57  C60  C23  C52  C58  C25  C79  C83  C80  C82  C81  C89  C88  C86  C90  C87  C78  C70  C72  C73  C75  C76  C74  C71  C91  C85  C92 Genetic diversity within Capsicum species
Genetic diversity values are further compared among four species, namely C. annuum (64 accessions), C. baccatum (eight accessions), C.chinense and C. frutescens (five accessions respectively) ( Table 4 ). The number of bands scored from the combined SSAP datasets ranged from 84 for C. chinense to 130 for C.annuum. The highest percentage polymorphism is calculated from C. annuum (82.31%) followed by C. frutescens, C. baccatum and lastly C. chinense (46.43%). The group displaying the highest gene diversity (H e ) value is C. frutescens (0. 276), followed by C. baccatum, C. annuum and finally, C. chinense (0.172).
Mean genetic distance recorded for C. annuum is lowest (0.146), followed by C. baccatum, C. chinense and highest for C. frutescens (0.390). The maximum genetic distance is estimated from C. frutescens (0.557), followed by C. annuum, C. baccatum and finally, C. chinense (0.321). Capsicum annuum has the minimum estimated genetic distance (0.0236), followed by C. baccatum, C. chinense and lastly C. frutescens (0.189). Higher polymorphism rate (but lower H e value) in C. annuum is probably due to the greater number of accessions sampled from this species. The C. annuum collection was divided into two groups: pungent chilli peppers and sweet peppers (Table 4) , the former having mean genetic distance estimated as 0.170 and sweet pepper lines, 0.141. (Table 5) . A weak, significant positive correlation is detected between percentage polymorphism and average number of insertions per accession for T135-E00 (P = 0.084) while Tnt1-C00 showed significant positive correlation between gene diversity (H e ) and average number of insertions per accession (P = 0.007).
Genetic relationships within the C. annuum accessions
The SSAP-NJ tree shows accessions of the C. annuum resolving as a basal group followed by three distinct clusters (Clus1, which is sister to two more closely related clusters, Clus2 and Clus3; Fig. 3a) . Genetic relationships for C. annuum inferred from the SSAP-NJ tree show rather good coherence with pepper fruit size and with pepper fruit code (see Table 1 ). The six other Capsicum species studied here are all pungent, small/medium fruited accessions (Table 1) , reflecting the lack of selection for sweet large fruits in these species. For C. annuum, large-fruited varieties mainly group in Clusters 1 and 3, and small/mediumfruited varieties mainly group in Cluster 2, as well as in the basal group. It is observed that the large sweet peppers in Cluster 1 are very closely related, while the small/medium varieties in Cluster 2 appear more diverse with relatively higher branch lengths (genetic distances). Square (1) and rectangular (2) peppers group in Cluster 1 of large sweet peppers. They are also found in Cluster 3, together with the spherical peppers used mainly for canned food (6 and 7). Elongated peppers (4 and 5), on the other hand, are found in groups of small/medium pungent peppers (basal group and Cluster 2). Finally, triangular peppers (3) are found dispersed among Cluster 2 and Cluster 3, as they are thought to derive either from reduction in size of quadrangular peppers or from proximal enlargement of elongated peppers.
The SSAP-NJ tree also reflects well information of known pepper pedigrees, both in terms of certain geographical origin and breeding programs. For instance, C64 (Milord) and C65 (Vania) belong to the same population derived from parental accessions C68 (Bastidon) and C39 (Carré d'Asti jaune), and all four accessions are closely related within Cluster 1. Cluster 1 also groups sweet peppers lines derived from traditional local populations (C45, C39, C48 and C59) or contemporary selection (C36, C64, C65, C68 and C63) from Western Europe. Cluster 2 groups pungent pepper types from ancient local populations of diverse geographical origins. Traditional small/mediumfruited Mexican cultivars (C19, C20, C21, C30 and C32) group within the same sub-cluster, separated from traditional Turkish cultivars (C33 and C34). Interestingly, however, some traditional Indian (C26 and C28), as well as Ethiopian (C37) and Chinese (C35) varieties resolved close to the Mexican varieties, suggesting that the later four varieties might have origins from Mexican populations now dispersed into diverse regions of the world. Cluster 3 clearly include traditional sweet fruited cultivars from Mediterranean Europe (C05, C04, C06, C07, C09, C12, C11 and C02), and tightly groups three varieties (C15, C24 and C18) issued from a single Brazilian genetic program selecting for viral resistance together with an US accession C54. In addition, Cluster 3 also contains C01 (Yolo Wonder), C08 (Yolo Y), C29 (Florida VR2) and C54 (ECW), all issued from the same genetic pool (American ''blocky'' types). More disparate is the presence in Cluster 3 of accessions from different geographical origins such as C38 (China), C42 (Cuba), C16 and C13 (Russia), suggesting relationships based on common exchanges.
For the C. annuum accessions, the clustering approach implemented by the STRUCTURE program inferred four source populations, with the probability function peaking at K = 4 (Ln P(D) = -2,886.7 averaged over three runs), and values of Ln P(D) did not improve significantly for K [ 4 (Table 3 ). The distribution of the inferred four subpopulations appears to correspond to a certain degree (Fig. 3b) . No non-admixed accession was identified; only nearly non-admixed ancestry was inferred for many individuals corresponding to the four source populations. Certain accessions represent the best of the non-admixed source population; they are genetically distant from each other according to the SSAP NJ tree. C25 (Turrialba) is distant from other C. annuum accessions, and is considered as the wild ancestor of C. annuum species. C52 (Piquin) is the wild accession that could well represent the basal C05  C04  C06  C38  C07  C09  C12  C11  C42  C16  C02  C08  C29  C13  C15  C24  C18  C54  C10  C20  C32  C30  C26  C28  C14  C21  C35  C37  C19  C33  C34  C55  C36  C64  C65  C68  C45  C59  C39  C48  C40  C51  C63  C31  C56  C22  C46  C69  C50  C47  C66  C53  C27  C61  C62  C17  C57  C60  C23  C52  C58 group. C68 (Bastidon) could represent the best among the large sweet cultivars of Cluster 1. C03 (Cerise) could represent both the branches at the base of Cluster 2 and Cluster 3.
Discussion
Interspecific relationships of domesticated peppers inferred from insertions of Tnt1 and T135 retrotransposons Three combined SSAP datasets generated using the Tnt1 and T135 families of LTR-retrotransposons successfully inferred interspecific relationships among seven species of Capsicum. Molecular phylogeny of Capsicum has not been as extensively studied compared to other Solanaceous genera such as Solanum subspecies Lycopersicon or Nicotiana. The SSAP-NJ tree is well resolved and shows several well-supported clusters useful for species delimitation. In general, the tree topology shows good agreement with botanical classifications issued from geographical, ethnobotanical and cytogenetic data (Djian-Caporalino et al. 2006) . Results from SSAP analysis is also compatible with previous studies, such as the molecular phylogenetic study of 11 species of Capsicum based on combined sequences of atpB-rbcL and waxy (Walsh and Hoot 2001) . The SSAP-NJ tree clearly distinguishes the C. annuum-C. chinense-C. frutescens complex from other Capsicum species as illustrated by Eshbaugh et al. (1983) . Capsicum chinense and C. frutescens resolved as sister taxa to the highly supported group of C. annuum. All accessions clustered according to species except for two accessions of C. frutescens, which resolved basal to C. chinense, inadvertently supporting past suggestions to combine these two species because of morphological similarities and possible inter crossing between these two species (Djian-Caporalino et al. 2006) . It was also proposed that C. frutescens could be the putative ancestor of C. chinense (Eshbaugh et al. 1983) . Based on the position of the C. frutescens C89 accession on NJ and NN trees, genetic structure similarity with C. chinense accessions and recent morphological reanalysis, we are able to reclassify C89 as C. chinense (CHI7) ( Table 1) . Capsicum chacoense resolved on the SSAP-NJ tree as the sister species to the C. annuum-C. frutescens-C. chinense complex, and this is in agreement with the morphological similarity of these taxa and evidence based on enzymatic studies and atpB-rbcL and waxy sequences (McLeod et al. 1982; Onus and Pickersgill 2004; Walsh and Hoot 2001) . The grouping of C. baccatum, C. eximium and C. pubescens on the SSAP-NJ tree is coherent with previously reported species relationships (Nagy et al. 2007; Park et al. 2000) , with C. baccatum appearing as a group on its own while C. eximium and C. pubescens (together with C. cardenasii) forming a basal complex group with purple flowers (McLeod et al. 1982; Nagy et al. 2007; Onus and Pickersgill 2004) . However, the atpB-rbcL-waxy and microsatellite markers (SSR)-based trees positioned C. baccatum as sister to C. chacoense and together; they formed the sister group to the C. annuum-C. frutescens-C. chinense complex which is concordant with crossing compatibility between these species. The SSAP-NJ tree rooted with C. eximium showed that C. pubescens is sister to C. chacoense and to the C. frutescens-C. chinense-C. annuum group, and this genetic relationships is different from what was reported by most previous studies, except for an earlier study of six Capsicum species using RAPD markers (Rodriguez et al. 1999 ) that showed agreement with SSAP in species relationships.
To further explore genetic relationships, the NeighborNet network was used to depict character-states pattern conflict in the SSAP data. Reticulations in a character display network can be interpreted to represent data uncertainty/ error (mistaken homology, model heterogeneity or insufficient data), actual homoplasy in the phylogeny or evolutionary events that involved gene exchange between organisms such as recombination and hybridisation (Huson and Bryant 2006; Morrison 2005) . Neighbor-Net indicated prominent reticulate relationships between accessions of C. pubescens (C92, C93), C. baccatum var. baccatum (C91) and C. frutescens (C88), in addition to many splits (uncertainty) seen among the C. annuum lines. Model-based structure analysis revealed the presence of five populations for the Capsicum accessions studied, of which individuals mostly corresponded to the species identified from botanical traits. Interestingly, the different position of C. pubescens inferred on the SSAP-NJ tree can be further understood by observations that Neighbor-Net displayed reticulation for C92 and C93, but structure analysis showed both to possess non-admixed genotypes. The genotype of C. pubescens, however, was also detected in both C. eximium and C. chacoense, and this could explain its position on the SSAP-NJ tree which grouped accessions based strictly on genetic similarity in a dichotomous fashion.
Phylogenetic (Neighbor Joining and Neighbor-Net) and model-based structure analyses of the sampled Capsicum accessions also showed that the most admixed genotypes correspond to the wild accessions (C78, C85, C91 and C25), which include alleles from two to four distinct species. Another case is the C. frutescens accession C88 which displays primitive (wild) traits such as very small and dehiscent fruits; it also showed a admixed genotype. This suggests that wild accessions share diverse alleles, which were subsequently fixed through speciation. SSAP data also show that the germplasm collection cannot be wholly characterized based on phenotypic (morphological) characters alone. For example, individuals of two populations corresponded well to their assigned species (C. baccatum and C. annuum), though both showed small groups with admixed genotypes (25 and 9.4%, respectively). The remainder three populations, however, included individuals that were assigned to separate species (especially between C. chinense and C. frutescens) and accessions of C. pubescens were clustered with C. eximium and C. chacoense.
A possible explanation for the SSAP-inferred genetic relationship is that the evolutionary history of the Capsicum species is influenced by the activity of the LTR-retrotransposons, since Capsicum is known to have relatively large genomes (3, 763 Mbp) (Bennett and Leitch 2005) . Moscone et al. (2003) performed a karyosystematic study on 11 Capsicum species and reported that nuclear DNA content measurements in the genus demonstrated significant differences in genome size between taxa. The species studied were delimited as significant groups with characteristic genome sizes (1C value/genome size in Mbp) and karyological data. Four species were included in the same Scheffe group with similar, comparatively low DNA amount and little heterochromatin displayed, namely C. chacoense (3.35 pg/3,283 Mbp), C. frutescens (3.4 pg/3,332 Mbp), C. chinense (3.42 pg/3,352 Mbp) and C. annuum var. annuum (3.38 pg/3,312 Mbp). The next group (3.71 pg/3,636 Mbp) consisting of C. baccatum var. baccatum (3.71 pg/3,636 Mbp), C. baccatum var. pendulum (3.68 pg/3,606 Mbp) and C. baccatum var. umbilicatum (3.76 pg/3,685 Mbp) showed increased DNA content and more complex heterochromatin banding pattern, corroborating that C. baccatum should have a separate placement from the species mentioned. Capsicum eximium (4.06 pg/3,979 Mbp) was shown to be intermediate in DNA content between C. baccatum and the comparatively larger genome and larger amount of complex patterned heterochromatin of C. pubescens (4.47 pg/4,381 Mbp) and thus C. eximium, C. baccatum and C. pubescens were placed into their own respective Scheffe groups. Therefore, it is of interest that the SSAP-NJ tree displayed similar genetic relationships among the Capsicum species as suggested by Moscone et al. (2003) , reflecting the close relationship of C. chacoense to the C. frutescens-C. chinense-C. annuum complex and the position of C. eximium in between C. baccatum and C. pubescens. However, we note that no correlation is apparent between DNA content and copy numbers of the two LTR-retrotransposons studied here.
Genetic diversity and relationships of Capsicum annuum
The SSAP technique could be successfully applied to characterize the genetic diversity within Capsicum accessions. Highly polymorphic SSAP markers generated DNA profiles that showed no duplicate accession within the collection studied. Identification and elimination of duplicated accessions in a collection is extremely useful in terms of time and cost saved in germplasm maintenance and breeding programs (Rodriguez et al. 1999) . Important parameters normally considered in studies relating to crop genetic diversity include the level of genetic variation within populations/groups and the extent of genetic divergence among populations/groups. Molecular markers that detect high levels of polymorphism between cultivars help improve the efficiency and accuracy of genetic similarity estimates (Ribeiro-Carvalho et al. 2004) . The SSAP markers show that the pepper collection possesses a high degree of polymorphism (82.31%) and a moderate value of gene diversity (H e = 0.1805).
SSAP shows that the C. annuum samples display 1.8-fold higher polymorphism levels than the C. chinense samples, while the C. frutescens and C. baccatum samples are intermediate (1.1-fold and 1.4-fold, respectively), albeit sample sizes being not balanced between species. However, in terms of gene diversity (H e ), C. frutescens possess the highest variation, and are 1.3-, 1.5-and 1.6-folds higher than C. baccatum, C. annuum and C. chinense, respectively. Other studies had also reported that C. annuum possess intermediate to moderately high levels of genetic variation for a selfpollinating crop species, using RFLP, RAPD, AFLP and morphological traits (Lefebvre et al. 1993 (Lefebvre et al. , 2001 ); AFLP and RAPD (Lanteri et al. 2003) ; morphology and AFLP (Geleta et al. 2005) . High genetic variation could be due to higher levels of outcrossing than normally expected (Tanksley 1984) . In a study of an Italian landrace of pepper using RAPD and AFLP, it was observed that most variation was partitioned within, rather than between populations, and this was not consistent with the selfing breeding system of C. annuum, but rather indicated a high level of outcrossing in the pepper landrace (Lanteri et al. 2003) .
The SSAP-NJ tree shows a basal group closely related to three defined clusters-one cluster of pungent and two clusters of sweet (non-pungent) fruited peppers, respectively. Pungent accessions are mostly small-medium and long fruited, which positioned basal to the sweet large peppers. Sweet large pepper types are separated in two clusters, suggesting origins from two distinct genetic pools, as confirmed by two markedly different types of genetic structure. Altogether, our data are informative and correlate with pepper fruit shape and/or with pedigrees and geographic origins, permitting potential determination of genetic pools. Both distance-and model-based analyses show that many accessions of C. annuum carry genetic evidence of some level of admixture within each of the four subpopulations inferred. This could be accounted for by the process of artificial selection and breeding carried out during the development of these lines. Introgression among different source subpopulations would create intermediate types that will not be easily distinguished at the phenotypic level, and is also difficult to visualize using a Neighbor Joining tree that is forced to represent the data into a simplified hierarchical structure. In particular, we were unable to relate the splitting of sweet-fruited cultivars in two clusters to geographic or pedigree information. Conversely, the subgroups within these clusters were more clearly related with geographic origin and pedigree information. For this pepper study, the results of the splits network and genetic structure analyses definitely present a more realistic and useful representation of the reticulate genetic relationships by allowing the visualization of shared (and conflicting) character states with individuals from other sources/groups.
Additional estimates of mean genetic distance of the pre-determined two groups in the pepper collection is also consistent with those reported by previous studies (Lefebvre et al. 1993 (Lefebvre et al. , 2001 Paran et al. 1998 ) where small-fruited cultivars were found to harbor higher degrees of genetic variation compared to the large fruited sweet cultivars, suggesting that small-fruited cultivars were selected from a larger genetic pool and suffered lower genetic bottleneck effects. Similarly, Lanteri et al. (2003) found little genetic variation in a landrace of elongated bell pepper type from North West Italy using RAPD and AFLP. In this study, the pungent chilli group, which contains small and long fruited accessions, has a higher mean genetic distance than sweet pepper lines.
Evolutionary dynamics of Tnt1 and T135 retrotransposons in the genome of Capsicum At present, much is still unknown regarding the distribution of similar types of transposable elements among closely related species (Hawkins et al. 2006 ) even though transposable elements are ubiquitously present in the genomes of eukaryotic organisms. Our series of ongoing studies have successfully detected and compared insertions of Tnt1 and T135 (originally isolated from tobacco and tomato, respectively) between different species in several genera of the Solanaceae (Manetti et al. 2007; Tam et al. 2005) , indicating that these elements have persisted through the duration of speciation for long periods of time. Therefore, we can successfully develop insertion-based molecular markers that are transferable to other Solanaceous species.
One important advantage of the SSAP technique is that genetic diversity values obtained by SSAP indirectly permit detection of activity and maintenance of different retrotransposons in a particular set of hosts where higher diversity values are indicative of more recent transposition activities (Ellis et al. 1998; Gribbon et al. 1999; Kalendar et al. 1999; Vershinin et al. 2003) . Elements can transpose at high frequency, with a rate ranging from 10 -3 to 10 -5 per element per generation (depending on element) compared with a nucleotide-base substitution rate of 10 -8 -10 -9 per nucleotide per generation. Therefore, transposable elements are recognized as powerful sources of genetic diversity (Biemont and Vieira 2006) . High rates of SSAP polymorphisms coupled with the identification of species-specific bands (unique bands, regardless of frequency) observed in this study both indicate that retrotransposition events have occurred during the speciation of Capsicum. Both Tnt1 and T135 have similar proportion of species-specific bands (12.41 and 12%, respectively), contributing to a notable proportion of natural diversity among genomes of the different Capsicum species. This finding supports the important role of retrotransposon activity in generating natural genetic diversity in the various lineages of Capsicum.
The evolutionary dynamics of transposable elements essentially reflect interactions between element proliferation and loss as a result of one or more opposing deterministic forces that includes selection acting through the host, genetic drift and self regulatory behavior (Morgan 2001; Sniegowski and Charlesworth 1994; Wright and Schoen 1999) . In this study, no apparent difference in lineage-specific amplification of retrotransposon is observed between Tnt1 and T135. No differences were detected in the average number of insertions per accession between the two wild (C. eximium, C. chacoense) and five cultivated Capsicum species (difference of only 1.03-fold), or between wild C. chacoense and the domesticated C. annuum-C. chinense-C. frutescens complex (1.06-fold) and between the one self-incompatible (C. eximium) and six inbreeding species (1.05-fold). Significant differences in copy number and insertion frequencies between species reflect a strong negative selection against retrotransposon insertions (or even slightly deleterious mutations) as a consequence of higher genetic load associated with inbreeding depression or domestication (Morgan 2001; Wright and Schoen 1999) or, inversely, higher accumulation of elements and at higher frequencies in selfers due to the influences of reduced recombination and effective population size (Wright et al. 2003) . Also, retrotransposon insertions would not necessarily always prove useful for inferring host phylogeny. For instance, the Tnt1-ol13 retrotransposon population showed an extremely high number of insertion polymorphisms in Nicotiana, but no coherent interspecific phylogeny could be inferred (Melayah et al. 2004) . Another example include the analysis of nine selected genotypes of sweet potato by SSAP, which revealed that the majority of the Ty1-copia transposon insertions were unique (33-64%) with only few common bands detected (Berenyi et al. 2002) . IRAP markers reportedly showed high levels of genetic diversity, but did not discriminate individuals of Aegilops tauschii based on morphology, possibly due to different activity of retroelements (Saeidi et al. 2008) . Hence, our results in Capsicum may be taken to indicate the selective neutrality of most of the insertions revealed by SSAP, suggesting that these insertions are well tolerated by the Capsicum host genomes.
Interestingly, our study revealed weak but significant positive correlations between genetic diversity values and the average number of insertions per accession for both Tnt1 and T135 in Capsicum. In contrast, in an earlier study, no significant correlation was detected between genetic diversity values and retrotransposon abundance in Solanum subsection Lycopersicon (Tam et al. 2007b) . Comparative genomic studies have found significant correlation between retrotransposon abundance and genome size. In Gossypium, the major fraction of genome size variation observed within the genus was largely attributed to recent, lineagespecific amplification of one particular group of gypsy-like retrotransposon sequences, Gorge3 within the larger genome Gossypium species (Hawkins et al. 2006) . For the legume Vicia pannonica, it was reported that the significant expansion of its genome size was mediated by the amplification of Ogre, a giant 25 kb Ty3/gypsy element which alone made up 38% of the genome of this species (Neumann et al. 2006) . The 2C DNA content of pepper is 2-4-fold greater than that of tomato, but both species have similar chromosome number and gene content (Arumuganathan and Earle 1991). In their study of genome mapping in Capsicum, Livingstone et al. (1999) suggested that an increase in the size of pepper genome without apparent increase in gene content involved the expansion of heterochromatin and the increase in the amount of repeated DNA such as retrotransposons. The observed (weak) positive relationship between higher genetic diversity values (reflective of element activity) and increase in the number of insertions (copy number) together with the recorded high percentage of unique (species-specific) insertions (average 12.5%) provide evidence for the active contribution of retrotransposon activities in generating a significant proportion of natural genetic diversity in the genome of Capsicum. It further strongly suggests the possibility that retrotransposons might have contributed to genome evolution (expansion) of Capsicum.
